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1. lntmduction

b-

)Xwing this century, a number of scientific cxpcclitions have been carriccl out to study the general

sca-icc characteristics and circulation patlc.rns in the Wccktcll Sea [Brenncckc,  1921; Schnack-

Schic], 1987; Augstein  C( a l . , 199 1; Lcmkc, 1994]. Ditmt observations have, however, been

limilccl  {o the eastern ancl central regions duc to a nearly continuous, impenetrable perennial icc

cover in the southwestern and western Wcddc]l Sea. lndccc], the early “lindurance”  and

“])cutschlancl” drift expeditions were restricted to the central parl of the Wcddcll  Sea; and the rcce.nt

1992 lJS-Russian  drift-station cxpcrimcnt,  though situated on a perennial ice ftoc in the south-

western Wc&tcll  Sea [Drinkwatcr and 1,ytlc,  1996], was positioned off the shelf-break over the

clccp ocean basin [ lSW Group, 1993].

Results to date indicate ocean circulation is dominated by the Wcddcll  Ciyrc,  with a southward

current along the cast coast and a northward flowing westerly boundary current along the shelf

edge at about 55”W off the Antarctic pcninsu]a  [ orsi et al., 1993; l;ahrhach d al., 1994;  Mucnch

and Gordon, 1995], Anticyclonic  circulation is driven by easterly winds in the north and northerly

winds in the southern part of the Wcddcll  Sea, }’assivc  microwave images (courtesy NSIDC)

together with the results of large scale sea icc models [1 ;ische.r, 1995] generally indicate perennial

sea ice with incrcascd thicknesses and concentration in the south west as a result of the large scale

atmospheric forcing and simulated ice drift. But to- date few direct spatial or temporal observation

datascts arc availab]c  with which to validate such general patterns,

Rcccntly,  observations with active microwave radar remote sensing tcchnicjucs have. enabled

mapping of various sca-icc  regimes within the Wecldcll Sca together with their dynamics. The,

spatial resolution advantage which microwave radar has over passive microwave radiometers is the

factor of 1 x 103 improvement, from 25 km to 25 m. Synthetic aperture radar (SAT{) images

available. from various satellite instruments now provide information on the small-scale character of

the icc cover, and on a scale which enables direct measurement of the arcal  fraction of open water to

bc quantified, together with the proportion and location of perennial ice. The main limitations of

SAR arc their size (100 x 100 km square) and temporal and spatial sampling issues, but a new

tcc}miquc of producing enhanced resolution (12. km) full-polar images now also enable large-scale

dynamics of the Southern Ocean sea-ice cover to bc anal yscd and quantified.
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This paper first introduces the C-band (5.3 Gllz,) sensor systems used in this study, together with

some of the imporlant  and relevant sampling issues and limitations of satellite microwave radar.

Second, a broad description of the backscatter  characteristics of Weddell  Sea ice, together with its

regional and seasonal variations is provided, Third, a high resolution description of the microwave

signatures of the primary components of the ice cover is given, together with suppmling

information obtained from shipbornc  scat(cromcter and surface measurements. Finally, the regional

and basin-wide ice dynamics arc described using a combination of mesoscalc  SAR, buoy and

Scatteromctcr  ice kinematics products.

2. Antamtic Micmwavc  Radar Imaging

Since 1991, the Huropcan  Space Agency (ESA) two satellites; ERS-I (July 1991 - June 1996) and

131< S-2 (April 1995- present) have acquired microwave radar data of the Weddcll  Sea. ‘l’he Active

Microwave instrument (AM1) on boarcl ERS has two C-band modes; an imaging SAR and

Scattcromctcr  (EScat),  and each allow vv-po]arizcd  backscattcr  (o:,,)  data to be collected (i .c.

wavelength 1 = 5,6 cm). When the AMI is not in SAR imaging mode it allows IU$cat  (non-imaged)

backscat(cr  values to be continuously recorded,

2,J. . ..-—]~]~s sA]/

These two ESA satellites arc each equipped with SAR. Presently, SAR is the only instrument

direct] y capable of acquiring all-weather (day or night), frequent repeat, high-resolution (25 m),

100 km-swath digital images of Antarctic sea-ice [ Drinkwatcr,  1995a]. High data-rate SAR image

data rccluire  direct broadcast and recording in the region of interest [IiSA/Earthnct,  1992]. Weddcll

Sea SAR data arc recorded in two locations, the German Antarctic Receiving Station (GAIN)

si(uatcd at Gcn. Flcrnardo 0’Higgins  station, and the Japanese Syowa station [Drinkwatcr,  1996].

GARS allows acquisition of SAR images of the Wecldcl]  ancl Bcllingshausen  Seas during periodic

6 week campaigns while Syowa enables Wcddcll  Sea clata  cast of the Gmcnwich  meridian to be

acquired upon request. Wcddcll  Sea image acquisition is therefore limited specifically to periods

when the SAR is switched on within a receiving station mask, and which coincide with periods of

operation of these stations.

2



&2, IUW Sc.atferometer——

l’o date, the principal focus for mcasurcmcnts  in the INS Scatte.romctcr (EScat) mode of the AMI

has been the estimation of ocean surface wind vc.ctors across a 500 km swath. Although data arc

acquirccl  continuous y when the S ynthctic  Apclture Radar (S AR) imaging mode is off, this

information has barely been exploited outside the traditional scope of wind speed and direction

mcasurcmcnt.  These low bit-rate I;Scat data, with an intrinsic resolution of -50 km, do not require

direct station transmission and arc tape rccordcd and down] inked to more accessible USA ground

stations. Scat(cromcter  cr~,, data can therefore bc co]lcctcd  at times and in some regions w}lcrc direct

SAR downlink  is impossible. Thus, cxtcnsivc  daily coverage of the ERS- 1 scatteromctcr  is

particularly valuable duc to the lack of data rcccption  in the AMI SAR mode when Antarctic

receiving stations arc CIOSCCI. This is especially true in the Weddcll  Sea, because of the “campaign-

stylc” operation of CIARS ancl limited access to Syowa.  Similarly, a large porlion of the Southcnl

Ocean sca-icc cover can not bc imaged by SAR in the Pacific sector owing to the lack of a rceciving

station in this locality.

Opcrationally,  it is impossible to obtain enough SAR itnagcs  in a short enough time span with

which to effc.ctivcly  map cphcmcral  sea-ice conditions. lnstcacl, a method is proposccl using data

acquirccl  in the ENcat  mode for mapping sca-icc charactc,ristics over the entire Southern C)ccans iee

cover. Rcccnt advances in sca-icc image generation from Scat (cromcter  data [1 .ong et al., 1993;

1 ]rinkwatcr cl al. 1993a] enable complementary, medium-scale resolution images to bc maclc  from

1 Neat data. This method allows construction of cnhanccd  resolution (-12 km) scattcromctcr images

from the, backscatter  data record, and, by virluc of the wider swath and larger covcragc  allows

mapping of the entire sea-ice cover in a fcw days [Drinkwatcr d al., 1993a].  The product is a

weekly average sca ice picture, of comparative, use to SSM/1 passive microwave sca-icc data

products. It is proposed that this product be used to track regional-scale spatial and temporal

changes in the sca icc cover around the entire Antarctic coast. For the first time, combined C-band

1 iRS SAR and Scatteromctcr  microwave images therefore enable unintemptcd  coverage of this

geographic region at both high (25 m) and medium-scale (-12  km) resolution.

. . . ISSUCS of Radar T’irnc-Spacf2 San@gMYc.rsiM2?

One. of the priorities for scientific studies of polal”  ice and snow is high spatial and temporal

covcragc,  duc to the short timcscalcs  of variability. Exploitation of radar data, particularly in studies

related to the mapping and monitoring of the sea-ice cover, was one of the main driving forces

3



behind inclusion of the SAR instrument on board liRS - 1 [see Ilrinkwatm, 199S]. A large number

of sca-icc studies are currently being performed using Arctic Ocean SAR data rcccivcd  at a number

of northern hemisphere ground stations (such as 1 ~airbanks,  Alaska and Kiruna, Sweden). These

SAR receiving stations enable the majority  of the norihcrn hcmispbcrc  sea-ice cover to be mapped

using the SAJ<. J Iowever, much lCSS ccwcragc is possib]c  of the more extensive sea-ice cover

around Antarctica, and in particular in the Wccldcll Sea, due to the limited operating times of (3AR S

and Syowa.  The result is a high resolution SAR image database. which is at best discontinuous in

space and time,

The kcy advantage of I;Scat is that it operates whenever the SAR is switched off, continuously

retrieving information from the Weddcll  Sea without t}lc ncccssit y of a local receiving station. The

wider Hlcat  swath provides more frequent, and broader incide.ncc  angle (20° < (3 < 60°) covcragc  in

a given location. This low-bit-rate (1.BR)  data source is essential to fill in areas of sparse temporal

ancl spatial SAR coverage of the Antarctic ice cover. lJntil now, the intrinsic low resolution of the

1 lScat  data is the main reason why they have not been used in such applications. Nevcrihclcss, the

approach dcscribcd  by IJrinkwatcr  et al, (1993a) produces weekly backscattcr  maps of the entire

Southern Ocean sea-ice cover at a resolution (--12 km) higher than present conventional alternatives

sL]ch as the SSM/J passive microwave radiometers. IiScat images form an uninterrupted sequence

of C-band backscattcr ( c~:$,d, ) of Antarctic sea ice from the beginning of the ERS- 1 mission. Since

these backscattcr  images arc based on multiple azimuth and incidence angle observations, these data

proviclc  greater capability for discriminating ice types and separating of ice from ocean. Coupled

with higher frequency passive microwave and finer resolution SAR, these data cnab]c a better

understanding of the time sequence and seasonal history of Antarctic sea-ice formation, drift,

deformation and clccay.  hlrthcrmore,  medium-scale. resolution F+lcat  images provide the large-scale

context within which the high resolution SAR images may be interprcte.d.

‘3. . Radar Characteristics of Wcddcll  Sca Ice

3 . 1 .].arge Scale Characteristics of the WedclCll  Sea

“1’hc large-scale variability of the mean weekly ice conditions arc successfully monitored using

lY3cat  enhanced resolution images [Drinkwatcr cl al., 1993a]. F.Scat images indicate the Jncan

amp]itudc,  of the C-band vv-polarized  backscattcring  coefficient (A) normalized to a 40° incidence



angle (i.e. O~.~CO, ). Figure  1 illustrates A images during, (a) austral summer (ice minimum) during

the first week of l%bruary  1992 (Julian Days 32-39) and (b) during austral  winter ice edge advance

(Julian Days 210-21 6). Each image is masked in the. open ocean using an ice edge derived from the

mean claily SSMfl z,ero ice concentration isoline generated for the 7d period of imaging (data

courtesy NSI 1X). Normalized C-band backscatlcr  images at this incidence angle large] y reflect the

surface roughness of the sea ice [Drink water, 1989; IX-inkwater  et al, 1995a; Drink water and 1.ytlc,

in Press]. General] y, smoother lCSS deformed young  ice is more rcftcctivc  and results in the lowest

backscat[cr  values, with the most deformed, and thicker ice resulting in the highest CJ;.,,CO,  values.

Hach of these. geophysical characteristics arc related to the age and salinity of the sea ice, its history

of deformation or flooding throughout ice growth and recession, and the seasonally -dcpcndcnt

temperature. Another factor is snow depth, which is largely related to the age and drif( of the ice

since formation [Massom et al., ]J1 Press]. “1’hc  following sections

characteristics of these microwave images, together with the specific

generated by various classes of ice.

.%1.1. Summer Scattcrometcr Imoges

Austral  summer sea-ice characteristics and the distribution of perennial ice

describe the general

backscattcr  signatures

in the Wcddcll  Sca in

1992 are c}laracterized  by Figure 1a. Minimum ice extent typically occurs in l~cbruary in the

Wcdcicll  Sea. ‘l”he 1991 to 1995 IiScat timescries  indicates that peak A values coincide with austral

mid-summer ablation [Drinkwatcr et al., 1995c], and that the timing of this peak varies

interannuall  y within the December to mid-March window. A values in some locations in I;igurc 1a

cxcecd  -5 d B, owing to prcclominantl y rough surfidce  scattering from deformed ice floes during

damp snow-surface conditions. l~urlhcrmore,  regions with the highest residual concentrations of

rough perennial icc appear to match the pattern of orange regions. Regionat  backscatter  conditions

in the central part of the perennial ice region uniformly exceecl  -16 dB, and a tongue of material

cxlcnds  eastwards from the tip of the Antarctic peninsula at - 63°S, where northwards drifting ice

bccomcs  entrained in the Antarctic Circumpolar  Current (ACC). A noticeable polynya-type feature

also bccomcs captured by rapid icc edge recession in the location 740S 32°W.

Three locations of the largest backscat(cr  values, correspond with (i) a cluster of grounded giant

iccbcrgs  (fragments of A22 and A23) off Bcrkner  Island (at 77°S 45”W),  between the Ronne  and

Filcbncr  ice shelves [Xibordi  and Van Wocrl, 1993], (ii) a region east of the northern Larsen ice

shc]f (at 66°S 59°W), and (iii) a large residual patch of rough perennial ice between (i) and (ii) in the
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rcgicm 73° S 45° W. Three small areas of contrasting] y lower backscatter  and lower concentration

dc.formecl  ice occur along the Riiser-1.arsen  (75° S 30°W), ancl the east and west ends of the Ronne

Ice shelf front (at 77°S 47°W and 74°S 59”W, respectively).

3.1.2. Winter  Scalterometw  lnmgcs
As the winter cooling progresses, and as less deformed, higher salinity seasonal ice cover grows

rapidly to latitudes north of 60° S, A values decline. I;igure 1 b shows the mean ice cover in the last

week of July, 1992. Samples of Wccldcll Sea a~.s,d, values from the winter ice cover indicate a

typical variation of C-band back scatter bet wecn -6 and -23 dB. The pattern of backscatter  values is

reflective of the structure and variability and clynamics  of the sea-ice cover [Drinkwater  et al,

1993a].  As the concentration of perennial ice is reduced by diffusion and northwards clrif{

(inclucling  melting at the northern ice margin), lower backscat(er  material grows on the continental

shc.]f region in the predominantly divergent area along the Ronne  ice shelf front, Similar low

backscatter  ice may bc obscrvccl  in the divergence zone in the center  of the Wcddell  ~JyrC centered

at 65°S 20°W.

‘1’hc.  streamline of the northward limb of the Weddcll  (i yre is traced in Figure 1 b by the western

margin of a north-west to south-cast extending bancl of low concentration perennial ice. This

feature is expressed as a meandering bancl of higher backscattcr  (yellow) material tracing the

isobat  hs of the eastern flank of the continental shelf break, ‘l’his streamer carries old deformed ice

away from the site of the grounded icebergs near to the Iiilchncr ice shelf. Winter images from

1991 to the present day also indicate these large iccbcrgs to have played a significant role in

preventing influx of thick clcformcd ice into the south-western Weddell Sea. As in this 1992 image,

this pcrioclical]y causes reduced concentrations of perennial ice in this regicm during summer and at

the. beginning of austral freciie-up.  The perennial-icc starved region is consequently a high heat flux

and vigorous ice growth location during early autumn frev~,e-up,  as katabatic  winds ancl tidal

currents carry the icc northwards away from the Ronnc ice shelf front. In this argument, slow

ncwthwards  ice drift on the continental shelf is responsible for the export of ice. Supporting

observations for an ice factory on the continental shcl~ is providecl  by overlapping FIRS SAR, and

SSM/1 images [Viehoff et al., 1994; Drink water d al., 1994]. SSM/1 data confirm the characteristic

appearance of higher concentrations of first-year ice in this region north of the Ronnc  ice shelf

front, together with a typical northward dilation in the extent of this feature throughout winter. A

more rapic] northwards transport of ice off the continental shelf (i.e. in the primary CJYIC

circulation) drives a shear feature at 68°S 55°W in which smoother first-year ice separates the
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slowly moving perennial ice cm the continental shelf from the more rapid motion in the streamer of

perennial ice originating to the south (described previously).

A further key feature of the winter ICC cover is a bright fringe bordering the marginal ice zone, Such

high backscat[cr  values were tncasurcd in the Wedclcll  Sea in June with a scattcrometer,  during the

Winter Wcddcll Gyrc Study [Drinkwatcr and Haas, 1994] and such returns correspond with

pancake ice formation during high wave activity at the pack icc edge [Early and 1,ong, In Press].

Marginal ice zone returns arc described in more detail  later.

3.1..3. Scatleronlder  Time-Series

“1’imc-series maps of the Southern Ocean are a primary application of the Scatteromctcr imaging

tcchniquc.  SAR can retrieve on] y limited spatial and tcmpoml coverage of dynamic phenomena

observed in response to ocean and atmosphere forcing. “1’hc  scale of coverage offerecl by 13Scat  is

sufficient to monitor these processes and to place the 25 m resolution 100 km x 100 km SAR

images in the context of synoptic or basin-scale ice conditions. q’he regional timcserics of

unmasked images shown in Figure 2 indicates the A value of radar backscattcr  during eight weekly

periods, at 21-day intervals in 1992. The main characteristic of tbcse relatively high incidcncc-ang]c

(0= 40°) images is that sea ice typically demonstrates smoothly-varying isotropic returns in direct

contrast to the highly variable returns of open ocean equatorward of the sea-ice margin (indicated

by bold white line drawn from the National ICC Center ice edge). Variability in the backscattcr  from

wind-generated waves is large on timcscalcs  of several days, and the advantage that is of the F;Scat

is that it views the same location from a number of incidence and azirnutha] angles during the period

of image integration. This gives a powerful method for separating highly anisotropic  or

a~,ir~llltl~ally  -(lcpcrl(lcrlt  variable wind waves from relatively isotropic and azimuthally  indcpcnclent

scat [cring from co] lcctions of sea-ice floes [Early and 1.ong, in Press].

III IJigurc 2 week] y A images arc gcncratcd at intervals from the first week in February (Julian Days

32- 38) in (a) through the first weeks of Jul y (Julian Days 188-194) in (h). Heavy operation of the

SAR mode of the AM1 on board ERS- 1 is manifested in I;Scat images as data drop-outs (black

areas), particularly in the region around the O’Higgins  Station (63° 19’S S7° 54’W) during early

1992 (i ,c. during early testing of the SAR receiving capability). ‘l’he 1992 minimum ice extent

occurs at the encl  of February, with a subsequent rapid norlh-eastwards advance during the onset of

austral winter, under predominantly thermodynamic ice growth [Massom,  1992]. As the Weddell

Sca bccomcs  ice-bound, wind- and current-driven ice motion carries some of the large units of
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relatively high backscat[cr sea-ice away from their origins along the coastal and ice shelf margins.

The bright patch of perennial ice originating in the southern central Weddcll  sea in summer is

stretchc.d  and dilated by shear and divergence as winter progresses, during its northwards drift. A

rather charactcr&tic  dark area of smooth first-year ice, which appears in I?igurc  2(c), grows and

cx[cncls  northwards along the continental shc]f margin in a distinctive shear boundary, separating

contincn[a]  shelf ice from that driven northwards in the westward limb of Wcclclcll  Gyre. This shear

margin is expressed as a fhger  of dark material which appears in (g) and extends and protrudes

nor(hwarcls (at 70°S So”W) from the area of low baCksca~~cr  nlaterja]  in t}lc so~lth west Wcddcl] sea

basin. This shear margin eventually dissects the dis[inctivc  perennial ice area on the shelf (along the

eastern flank of the Antarctic peninsula), from that perennial icc originating in the central Gyrc

region.

of futlhcr note in l~igurc 2 arc

which appear in the. early series

two summer polynya  regions of relatively low icc concentration,

as low backscattcr  areas in the southern and south-eastern Wccldcll

Sca in liig. 2a. The latter (at 74°S 30°W), is near enough the icc margin that it bccomcs  captured in

the sca-icc  retreat by the cnd of February, 1992 (Fig). 2b). Ncvcr(hc]css,  as the ice margin advances

the rclativc]y darker signature of these previously open water areas reappear and bccomc source

regions for low backscattcr  ncw-icc formation. Undeformed, low back scatter ice is transported

away from these locations as it becomes cmbccklcd  and advcc(cd  north-westwards in the motion of

the Wcddcl]  Gyrc circulation, As the ice is carried northwards, new seasonal ice is formed

particularly along the Ronnc  ice shelf. By the beginning of May (Figure 2c), a large expanse of low

backscattcr  (dark) has appeared, confirmed in IIrinkwalcr d aI. (1993a) and Vichoff et al. (1 994)

using 1 H-W-J SAR images to bc the northward expansion in extent of seasonal, undeformed icc

produced off the icc-shc]f front.

~) Microwave Backscatter Signatures of Wcxldc41 Sea Ice—...——

Since the launch of MN-1, C-band  radar backscattcr characteristics of sca ice have been

investigated during a number of Weddcll  Sca surface experiments [1 >rink water a al., 1993b;

IIosscinmostafa et al., 1995;  I)rinkwatcr  d al., 1995a; 1.ytlc et al., 1996]. However, most of tbcse

have focused on the smaller-scale influences of sca-icc  physical properties upon surface-

scattcromctcr  mcasurcmcnts,  without placing thcm in the context of satellite radar measurements. In

this section, a synthesis is providccl  of both large- and small-scale mcasurcmcnts.  Examples arc
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providcxl  together with corresponding field observations and surface validation from the 1992

Winter Wcclclcll  Gyre Study (WWGS ’92) [1 .emkc,  1994; IMnkwater  and Haas; 1994].

3.2.1. Calibration and Iiackscattcr  Calibration Accuracy

SAR data products received and processed by the German Processing and Archiving Facility

I’Al;) must bc treated differently than most LJS proccsscd images, since they arc distributed in a

(D-

full

resolution (i.e. 12.5 m pixel spacing), uncalibraleci  form. According to a study by Bally et al.

(1995) for these 3-look SAR images (i.e. FiSA SAJ<,I)Rl  products), the single 12.5 m pixel 90%

rwliomclric confidence interval is bounded by +4, 5dIl.  Thus, the probability that the measured

intensity lies within a ~ 4.5 dB error bound is 90%, whereas the radiomctric accuracy and stability

errors arc within specifications of a fraction of a d13 (1 .aur d al., 1993).

l’o calculate the SAR backscattering  coefficient ( o~x,{)  of a distributed target which corresponds to

an area of sca ice (N pixc]s in extent), or a group of pixels in the image, averaging is required,

lntcnsity  averaging reduces “spccklc” (i.e. radiomctric  resolution errors), If “block averaging” is

used to create a speckle-filtc.rcd image, the ncw cquivalcn(  number of looks is modified by the area

of block averaging, together with the target area (i.e. number of pixels avc.raged from target), and is

also a function of the incidcncc  angle (3 (since rcso]u(ion is range dcpcndcnt).  The resulting

confidence intcrva] for an 8 x 8 block-averaged image with 100 m pixel spacing exceeds 9090 for

i 1 d13. With further target averaging, a confidence level exceeding 90% may be achieved for error

bounds of *0.5d13,  with a sample box of over 250 pixels (i.e. 16 x 16 pixel box). Ovcr 99%,

probability y of errors less than +0.5dB  may be rcachcd  with samples of more than 500 pixels (i.e.

23 x 23 pixel box). Thus, for most of our purposes, having already used a box-filter (8 x 8

window) to reduce the image to 100m pixel spacing, wc only have to derive samples from target

box areas cxcccding  8 x 8 pixels, before the number of looks, necessary to exceed the tO.5dB

error bound at 99% confidence, is satisfied. All samples presented in this paper are from target

areas cxce.cding this minimum thrcs}~old area.

3.2.2. Regional C-bad  Backscaftcr  Variability

Iiigurc 3 shows a map of the Weddell  Sea region, indicating regional locations of several winter

SAR image frames listed in ‘J’able 1. Associated image probability distribution functions (pdf’s) of

calibrated backscattcr  coefficients arc shown in Figure 4. Each pdf comprises individual pixel
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values from 8 x 8 averaged and calibrated full-resolution SAR,I’R1  images (originally 8000 x 8000

pixels), thereby resulting in 1 x 10c pixels per 100 x 100 km frame.

A global pdf histogram in Figure 4 as a black line (shown as bar-histogram with 0.1 dl? bin width)

shows the combined pdf from all images shown in Figure  3 and listed in ‘l’able 1. This sun-mat-y

pdf indicates a tri-modal  distribution of backscat[er  cr~~,{, with distinct components forming peaks

at -11.5, -7.0 and -2.5 dB. ]ndividual  colored image pdf’s indicate that the highest backscattcr

Jnode comprises pixels containing glacial ice. Image  5090_5021, in Figure  3, was acquired in the

vicinity of R .V. l’olar.~?er~?  as she made a transe.c(  along the periphery of the Riiscr-I .arsen icc

shc]f. Consequcntl y, this scene cent sins a significant number of ice-shelf pixels, falling in the

range -5 to +5 dB: air tenlpcraturcs  were around - 15C’C at the time of SAR imaging. The same

chatactcristics  arc observed in the upper peak in the histogram of image 5387_5967.  This image

captures a large iceberg drifting in the ou[cr marginal ice zone (MIZ), north-cast of the tip of the

Antarctic peninsula (seen in Figure 2g and 2h to the west of the South Orkncy islands). Its

backscattcr  values likely excccd  those of the ice shelf’ in the previous example due to its lower

latitude ancl warmer air temperatures. G]acial  ice, therefore, comprises a distinct portion of the

upper limb of the backscatter  distribution in the Weddell  Sea, and may conveniently bc used in

winter to find tabular icebergs of significant size, either in the marginal ice zone or within the

interior icc pack. Non-tabular Antarctic icebergs do not always present a uniform target area to the

SAR, and rotation and drift with respect to the imaging swath often result in a reduction in contrast

bctwccn  the berg and its sca-icc or ocean background.

‘1’hc. next brightest component distribution is dcscribcd  by the pdf of two contiguous image frames

(5387_ S949 and 5387 _5967)  along an orbit crossing the marginal ice zone. The peaks in their

image  histograms overlap almost identically, but for a small transition from the swc]l-disturbed

marginal ice zone to the. outer ice edge. Mixtures of brash ice and small first-year ice floes, together

with occasional multiycar ice floes characterized the norlh-western ice swell-rocked margin of the

Wcddcll  Sca at the time of SAR imaging [Haas et nl., 1992]. Air temperatures and windspccds at

the time of itnaging  were recorded on board RV Polarslml as between -5 and (P C, and 5 and 10

Ins”’, respectively. These  mixtures have an extremely distinctive signature, with cr~~,<  values

ranging bet wccn -10 and -5 dB, with a mode at -7.3 dll. Rough  surface scattering, occurring from

sub-resolution ftocs, has a distinctively uniform texture, and bears a CIOSC rcscmblancc  to wave-

disturbcd  northern hemisphere marginal ice zone icc signatures observed by airborne SAR in the

1.abrador Sea [1 .ivingstone  and Drinkwatcr,  1989; Drinkwater  and Squire, 1987]. ‘1’hc fur(hcr into
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the marginal ice mne  onc traverses, the higher the probability of observing large undeformed first-

ycar ice floes and ncw ice in leads. These pixels  appear as a toe of darker material in the yellow

his[ogram  of image 5387_ 5949, extending from -12 dB down to around -19 dI1.

Similar signatures to the previous marginal ice zone cases, in terms of backscatter  amp]itudc, may

bc encountered in the central ice pack, but with the obvious distinction of visible ice floes. ltnage

5249_4941, shown in Figure 5 (overlapping the path of RV Polarsterrz),  contains a typical mixture

of perennial and seasonal ice, and was acquired in the outflow path of old ice described by the

yellowish slrcamcr in 1 ‘igure 1 b. q’hc mixture histogram combining these two distinctive cnd-

mcmbcrs appears as a broad pdf (in orange) in Fig,urc 4. Shipborne  observations, noted by IIaas et

al. (1992) as Polarstcrn  traversed the region encompassed by this image (Icss than 24 hours after

SAR imaging - see Table 1), indicated a closed ice cover (100% concentration) comprising level

first-year icc ptmctllatcd  by distinct ridges and rougher multiycar  ice in fractions up to 30%, Pirst-

ycar ice was cxtrcmc]y rubbled and ridged, particularly around the perimeter of thick multiyear ice

floes. ‘l%c broad pdf, comprises two overlapping distributions without distinctive peaks, due to the

cent inuum of states of the ice ranging from patches of smooth, relative] y undeformed first-year ice,

to oIc1, dcformcct  snow-covered floes. lndividua]  samples identified in Figure 5 arc shown later and

used to illustrate the distribution of backscattcr  in small-scale areas.

‘1’hc least deformed, or level first-year icc is observed in images 5377_ 5031 from the central

Wcddcll  Gyre region, and 5449_ 5139 from the southern Weddell Sea (Bc]grano Bank) region (see

l;igurc  3). 130th yield distinctive pdf modes at bctwccn  -12 and -13 dB. The former is a largely

divergent region, in which vast expanses of unclcformcd white ice alternated with snow-covered

stony fields along the transect of Polarslfvw  [}laas et al., 1992]. July air temperatures remained

stable around -27° C and ice formation was immccliatc under divergent conditions. “The SAR image

indicates no open water, and an extremc]y  low ridge. chmsity.  ‘1’hc example from the southern

Wcddcl]  (image 5449_5 139) in contrast contains a larger proportion of deformed seasonal ice (with

higher  ridging density), and a small fraction of grounded icebergs and perennial icc exiting the

basin northwards [Viehoff  and Li, 1995]. These higher backscattcr  components of the scene

account for the higher pdf mocic for image 5449_5  139 in Figure 4, and the tail extending to values

excccding  -5 d]). Based on the predominant drift direction, the origin of the old ice and icebergs

found in this region appears to bc the Filchncr  icc shelf front, or the location of grounded icebergs

A22 and A23. Large 5-10 km diameter high backscatter  (-7 to -2 dB) multiycar ice floes are clearly

conglomerates of distinct old ice floes cemented together by a matrix of what was likely snow-



covered ]andfast ice. Floes have broken  away and drifted north-westward in the distinctive streamer

of bright material shown in Figure  1 b. Similar] y, the iceberg chain, dcscribcd by Vichoff and 1,i

(1995), wbic}l  originated as one large iccbcrg  from the Filchncr  ice shelf, subsequent] y grounded

on the broad General Bclgrano  Bank, on the northern flank of shallow topography over the

llcrkner  Scamount.  lee-motion data obtained from SAR, Scatlcromctcr anti buoys provide

conq>lemcntar-y  evidence for this assertion, but further supporting evidence is provided in the form

of tracks of deformed sea-ice created as the sca-icc drifts past the location of each of these iccbcrgs

(see Vichoff and I,i, Figure 9). The. ice cover had drifted in an cxtrcmcly  constant fashion

northwards, leaving linear tracers of deformed material extending 10Okm or more in length in the

direction of drift, At a typical drift speed of 16 cJn/s north from the iceberg barrier, each feature

rcprcscnts  a period of around 1 week. Iiu-thcrmorc,  as pointed out by Vichoff  and 1.i (1995), the

persistence of such bands (in lcc of the icebergs), in time as well as in space (2 100knl),  can be

intcrprctcd  as an indication for a relatively homogeneous ice motion ficki in this location.

in summary, examples from 5377_5031 and 5449_ 5139 indicate that the least deformed first-yca~

ic.c, observed in large proportions in the Wcddc]l Sea, comprises the leftmost peak in the global pdf

(in(iicatcxl  as the black histogram in I’igurc 4). Old ice and marginal ice on the other hand fill an

overlapping range in backscattcr  to form the centtal  peak in the global pdf. As expcctcd,  heavily

ridged or dcformcc]  first-year icc fall squarely in the. miclclle. of this range, and comprise the main

peak in image 5090_5121. The roughness of sea ice in the location of this SAR image am further

dcscribcd  by laser altimeter flights made frmn Polarstcrn,  and mean ri(lge heights were typically of

the order of 1.2 m, with a mean ridge spacing of 54 m [Dicrking, 1995]. ‘Ilcrcforc,  as previously

noted in IMinkwatcr et al. (1995a) for the central ice pack, linear mixing of the two end members (i)

smooth undeformed ice and (ii) thick perennial ice accounts for a continuum of cr& values

between -19 and -4 dB. Other than the confusion which exists between MY ice and marginal icc

xmc signatures, the value of backscattcr  appears closely related to the amount of deformation and

ridging density of the ice, or indeed the icc thickness. Although backscattcr  values may be

cncountcrcd  in the range -20 to -25 dI~, for newly growing areas of ni]as and grcy icc in leads or

icc shelf po]ynya  systems, large expanses of such low backscatter  material arc rarely encountered in

the Wcddcl] Sea.

3.2.3. Component ICC Signatures

ljicld radar backscat[er  data were acquired in 1992 using a shipbornc  C-band microwave
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scattcrometcr,  during  W WGS ’92. ‘1’hc C-band (4.3 C1l-lz,)  frcq~]e~~cy-lllodulated  continuous-wave

(FM-CW)  radar scatlcromctcr  was operated from the port rail of RV Polarstcn?  to obtain some of

the first shipbornc  mcasurcmcnts  of the C-band microwave scat[cring  properties of Antarctic sea ice

in mid-winter [Drinkwatcr d al., 1995a]. The radar had dual polarization, enabling like- (VV) and

cross-po] (hv) data to bc acquired at a variety of incidence. angles (15 St3< 700). When the ship was

stationary, and on-station by an ice floe, (provided the ice was large enough and uniform in extent)

the radar was scanned to obtain cr&P mcasurcmcnts  as a function of inciclcncc  ang]c and

po]arizat  ion.

~’hc objective of the 1992 winter scattcromctcr measurements was to provide validation data for

IIRS- 1 SAR observations anti to obtain a detailed microwave backscattcring  cataloguc  of various

icc conditions. ]n support, dctailccl  surface measurements were maclc  within the footprint of the

shipbomc radar, after each scan was pcrformccl.  Surface information comprises snow ancl ice

physical and chemical properties mcasurcmcnts  together with structural information [Ilrinkwater

and }Iaas, 1994]. Overlapping data acquisitions were planned and made possible by the GARS as

parl of the ]ntcrnational  Space Year Project [1 mlkc,  1994].

3.2.3.1. “J’hc Ice Margin and Pancake ICC Floes

‘J’hc outer icc margin or MIZ is typically characterized in Antarctica as a high-energy wave

environment, where the propagation of waves into the icc edge plays a dominant role. in

determining the style of ice formation during winter ice advance, and the characteristics of floes

during icc-edge rcccssion. The MIZ is typically broacl in its extent during ice-edge advance. In

1992, cluring W WGS ’92, a high amplitude SWCII  was experienced along the Greenwich meridian

ancl ftw,il  and pancake young-ice growth was observed for hundreds of kilometers from the ice

margin into the seasonal ice zone. };igurc  6a shows a photograph taken in June 1992, of these

swell-rocked pancakes in the locatjon  of Maud Rise. in contrast, after the peak extent in ice exteni

the icc edge is typically in a recessional mocle, and the marginal icc zone usually comprises brash

icc and a mixture of small wave broken floes and wave-washed piles of rubble.

in contrast to the situation for ni]as and young icc forms found in calm environments, pancakes

were found to bc almost ubiquitous at the icc margin (along the Greenwich meridian), during icc

edge advance in 1992. The occurrence of vast expanses of pancakes and/or streamers with densely -

packcd sub-resolution floes results in an cxtrcmc]y  characteristic marginal ice zone signature.
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[l~rinkwater  er al., 1993a; Ciohin, 1995; h;arly and I xmg, In Press]. Typically riding cm the surface

of waves, small wave-washecl, porous pans often have a high salinity (Figure 6b) and sufficiently

high pcrmitlivity  that there is relatively strong backscattcr  near nadir, The rate at which cr~~,f) falls ~

with incidence angle, however, appears clcpcndcni on the size and packing density of the pancakes,

the amount of open water between them, and how wet or deformccl  their surfaces arc. Figure 6b

shows the salinity characteristics of a pancake sampled on 13 June, 1992, and Figure  6C contrasts

the 13 June. radar signature with another site from the following day. ‘1’hc 13 June signature is

gtcatcr  by 10 dB t}lroughout the incidcncc  ang]c  range, with values exceeding -5 dll at 4(F

incidcncc  or more, due in part to the denser packing of pans, and their rough, dcformccl and often

rafted surfaces. In cases of smal lcr pancakes spaced by open water, as on 14 June, o~~,,, falls more

rapidly. Gohin (1995) rcporls an intermediate marginal icc zone signature (in his I~igurc 15) which

appears a composite of signat urcs originating over combinations of open water and dispersed floes,

or low concentration patches of pancakes.

Considerable azimuthal anisotropy is also notccl in pancake icc margins in the FRS scattcromctcr

data (1 !arl y ancl 1.ong, in Press), and is likely duc to the fact that the pancakes damp out smaller

gravity ancl capillary waves, leaving only long wavelength swell waves. This results in a dominant

wave propagation direction sensed by the scat (cromcter  in some circumstances. Future attempts to

fit the functional form of the wincl relationship may cnab]c the wave propagation clire.ction  to be

cicrivcd.

3.2.3.2. Nilas

1.argc  expanses of recently formed nil as (< 10 cm thick) have rarely been observed during surface

shipborne  experiments, large] y bccausc  Weddcll  Sea experiments have focused on the ice margin,

and swell-influenced regions of the seasonal icc pack, Consequently, the total fraction of ice

formccl  unclcr  calm conditions is small, and the opportunity to sample large areas other than in

rcccntly  opcJIccl leads or polynyas  with scattcromctcrs is rare. Some young ice was observed

cluring  W WGS in 1992, which is reporlcd in Drinkwater  and Ilaas (1994). When observed, nilas

typically had little or no snow cover other than frost flowers. The typical signature includes large

backscattcr  coefficients at near nadir angles, with a high gradient of cJ~~,,,, falling to values less than

-20 dl~ at high incidence angles. As the large sample of calibrated SAR pixel values in Figure 4

testifies, the probability of occurrence of large fractions of ncw icc and nil as with values below -15
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dll is rare in the Wcddell  Sea, and these areas arc generally focuswt in locations of long-term

clivcrgcncc or in polynyas  along the ice shelf margins.

3.2.3.3. White. ICC Floes

The mean thin first-year ice or white ice (in the range 30-50 cm thick) signature shown in Figure

7a, is typical of ice observed in the divergent central Wcddcll  Sea region and is an average of 7

individual site measurements made from 1-14 July, 1992 in the location of scene 5377_5031

(1’igurc 3). ‘1’hc signature of this relative] y smooth, light snow-covered (1 -6 cm snowdcpth)  ice has

cr;,,,,, values between -24 and -26 dIl in the HIM SAR incidence angle range (20° < 0 S 260), an

intermediate. gradient of around 0.49 dB/O (bctwccn  20-60° incidence), and a neutral cross-polariz,ed

backscat(cr curve. 1.argc expanses of white icc were scoured by strong winds, and had snow

depths of less than 5 cm. 1,ytlc d al. (1996)  have shown prcviousl  y that snow-free young ice (10-

30 cm thick) may result in extremely low backscat[er values in an equivalent incidence a~lgle range,

thereby increasing as the ice ages (in the absence of deformation) and roughens, ‘1’hcsc results

ncvcr(hclcss  infer that smooth, level white ice with a bare ice surface, or shallow snow cover alone

do not play a dominant role in driving the backscattcr  to values shown in the pdf’s in Figure 4, and

suggest alternatively that ridged portions of sea ice drive up measured SAR values in this extensive

rc ion.~

3.2.3.4. Smooth First-Year ICC I?1OCS

‘]’hc mean signature of smooth, level (undeformed) uniform first-year ice floes of Figure 7b is

constructed from 9 individual scatteromcter  samples, each site of which exceeded 60 cm thickness.

A distinguishing feature of this signature is that cr’& exceeds that of the white ice signature at all

ang]cs. ‘1’hc surface roughness of such level ice is gcncrdly greater than those white ice forms,

while also displaying an older and deeper layerccl snowcover. ERS SAR backscattcr  values of

equivalent ice floes arc expected to fdl in the range -8.8 < O&,,[, S -16 dB, based on the surface

scattcromctc.r  measurements, but this is heavily dependent on the physical surface characteristics.

A typical medium thick (67 cm) first-year ice sample acquired on 13 Jul y 1992 al 65.99°S 33.53°W

had interleaved bands of frazil and columnar sea-ice crystal growth, and 12 cm of layered snow.

The snow-ice interface temperature was -13° C, despite air temperatures of lower than -30° C, and



the accompanying salinity at the icc surface was 14 psu. Angular depth hoar crystals developing

under the. strong thermal gradient in the basal snow, contained significantly more salt than the ice

surface itself, and had typical salinities of 27 psu. This highly saline, rough scattering interface at

the base of the snow, probably accounts for cxtreme]y  high backscatter  values in the range 20-2.6°

in 1 ;igurc 7b. 1.ikewisc, the remainder of the snow contained significant salt content, and airborne

spray from nearby leads are thotlght to be a contributor to the mean background level of surface

snow salinity of 2 psu.

3.2,.3.5. Rough First-Year ICC 17JOCS

Well deformed, ridged or rubb]ccl first-year icc floe.s arc difficult to measure using a shipborne

scattcromctcr,  because a complctc  incidcncc  angle scan is not possible from a fixed viewing

position when the local topography is punctuated by piles of ice blocks. Shipbornc  scatterometcr

mcasurcmcnts  were ]imitcd  to 5 sites where surfac.c roughness was relatively evenly distributed,

and w}lcrc the signature was not significantly biased by onc or more features within the scan. The

result is the mc,an signature in Figure  7c. Values of d~,,, are lower at near normal incidence, and

fall bet wccn -11.7 and -15 dB for the SAR incidence angle band. ‘l’he gradient in c~h,fl is --0.52

dlW’ in the 20-60° range, but the small sample sim and averaging of individual ridges or local

roughness elements cause the variability in mcasurcmcnt points around the logarithmic fit. Cross-

polarized backscatter  is greater and more variable for these rough ice floes, especially in the 2040(’

range, and is explained by second-order scattering effects such as multiple scattering from blocks.

3.2.3.6. Multiycar  ICC Floes

According to the field scattcrometer  data in F’igure  7d, multiycar  ice floes (largely scconc]-year  ice)

arc practically indistinguishab]c  from rough fhst-year ice forms in the INS incidence angle ran.gc.

Undeformccl,  old floes were distinguished on the basis of snow depth, salinity and thickness as

second-year ice. Mean annual thermodynamic ice growth in the absence of dynamic thickening is

cxpcctcd  to bc around J .S m, based on the lifccyclc,  mc.an snow depth and annual net freezing rate

in the Wccklcll  Sea [Fischer, 1995]. However, perennial ice floes observed during W WGS ’92

comprised massive undeformed ice with considerable snow accumulation. Snow depths cxcecding

0.75 m were commonly measured [Massom cl al., in Press] while ice thickness ranged from

around 2 m upwards. Shipborne scat tcrornctcr cr~h,,) values from these floes Pall bet wccn -12 and -

15.5 dll,  and the low gradient of -0.36 d13f’ observed in the 30- 50° incidence angle range, is
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caused by snow volume scattering from layers and distinctive. ice lenses and pipes [Massom e~ al,,

In Press]. ‘1’o account for volume scattering characteristics in Figure 7c, a modified 3rd order

polynomial fit is appliecl  instead of a single parameter exponential, to accomodatc  the. flattening at

25° and rolloff beyond 55°. The distinctive feature is a p]atcau and higher  backscattcr  value in the

range 40-50°, and this unique may be used in 40° incidcncc  IiScat images as a method for

discriminating high concentrations of thick, snow-covcrccl perennial ice.

3.2.4. Snapshot Signature Summary

“1’hc.  SAR image shown in Figure 5 provides the largest mixture of ice ages and snow depths, duc

to its prime location in the perennial ice outflow region (I;igurc  1 b). The orange pdf in Figure 4

confirms a broad peak comprising a variety of pixels spanning the range of possible white, first-

ycar and mu]tiyear icc o~~~{  values. A number of samples arc cxtractcd  from this image to generate

“1’ab]c 2. Values describe the signatures of the primary icc components, each of which is extracted

on the. basis of the scattering characteristics of extensive, homogeneous units of ice. Smooth and

rough first -year and multi year ice mean CJO values range from -16.1 dl) to -5.7 dB, in total, a

furlhcr 60 samples (each of 100 or more pixels) were collected in the same manner from the SAR

images shown in Figure  3, to generate a summary of snapshot winter backscattcr  characteristics of

these primary ice types. All except the southernmost of the SAR images were acquired in regions in

which W WGS ’92 surface samples and ice cores were collected [IMinkwatcr and l-laas, 1994].

1 ;igurc 8 compares and contrasts the ranges  and statistics of these clata  with matching summary

statistics inferred from the mean field scatteromctcr @~~, curves (i.e. shadcc] pelf’s) in Figure  7.

Adclitiona]  comparison data is includecl  for open water backscattcr cocfficicnts,  and MM scattering

from brash icc or pancakes.

lnc.vitably, the marginal ice z,onc provides onc of the largest ranges of backscattcr  signatures, due to

the influcncc  of floes size, wave environment and variable air temperature. Depending on the

season and location, frazi] ice growth and pancake formation may bc favored, I lowcva-, brash ice

also provides extremely high o“ values due to its similar characteristics in terms of sub-resolution

floes ancl ftoc packing. A good analogy may be drawn bctwccn the Weddcl] and the 1.abrador Sea

MIZ which was observed by SAR during the LIMEX experiments [Drink water, 1989; Livingston

and Drink water, 199 1]. In Figure 8 SAR and EScat values overlap clue to the broad range in

scat tcring conditions described in section 3.2.3.



I;ICICI sampling of smooth first-year ice. floes is inherently biased, since an icebrcaking  ship

normally seeks the path of least resistance. Although generally trL]c, during WWGS ’92 the route

was large] y based upon large-scale information provided by AW 1 RR satellite images, and it did not

always enable sampling of the smoothest first-year ice. ‘1’hc benefit of SAR images js (hat they

enable the very smoothest ice forms to be easily found and selected. Samples shown in I;igure 8

show that the measurement ranges plot(ed from the shipborne  scattcrometer and SAR do not

overlap particular] y well. Similar] y, with mu]t i year icc floes, the ship navigated around heavily

ridged ice. As a consequence, the multiyear ice sampled is at the least deformed extreme of such OIC1

ice floes. } laas d al. (1993) document the level nature of most of the multi year ice floes sampled.

SAR backsca((cr values in Pigurc 8 indicate that the field scattcromctcr measurements arc biased to

the lower end of the MY ice range.

III terms of the signatures from the IiRS scatte.rolncter, shipbornc  scattcromctcr measurements arc

consistently lower at 40° incidence than equivalent 1 Neat image. data cxtractcd in the same locations.

Spatial resolution and the averaging over a number of resolution cc.lls  influences mean EScat

backscat{er measurements. ]ntcrvcnihg  jce motion and resulting mixtures of backscatter  elements

causes a rclativcl y higher of’ than that exhibited by any individual ice component, In addition, the

larger roughness elements dominate the scat(cring in the higher incidence angle range, yet

shipborne  scattcromcter  measurements cannot easily measure the signature of such non-uniform or

deformed ice floe surFdccs.

C)pcJ) water signatures arc generated in Figure 8 for comparison, using the CMOIM  algorhhm

[Stoffclan ct al., 1993]. As expected, the range of backscatte.r  values can, under differing wind

condhions, bracket the entire range of sea-ice signatures. Nevertheless, by using image context and

knowledge regarding the shape of leads within the ice pack, together with jcc dynamics information

from icc tracking, it is possible to distinguish open water ateas within the pack. In any case, the

probability of observing a lead within the Wcddcll  Sea ice pack in winter is rare, and for the most

parl new leads freeze within a matter of hours after opening.

3.3. Seasonal Backscattcr Variability
Timcscrics  of IRS microwave radar data demonstrate that within ice class backscattcr  signatures

vary considerably seasonally and interannually  in the Wcddell  Sea. ‘l’he primary distinction,

therefore, bctwccn  seasonal and perennial ice covers can only be made by separating data acquired
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during  the winter  ice maximum and austral summer minimum, or alternatively by continuously

tracking perennial ice floes identified during the summer months, through time and space. r)Llrhg

Jkbruary  and March of 1992, repeat swath SAR acquisitions were planned over ICC Station

Wcddcll  (lSW) [Gordon et al., 1993], In total 35 calibrated images were acquired over the.

perennial icc zone. Previously dcscribcd winter SAR data acquisitions were planned during

W WGS ’92 in locations where RV F’olarstern was travclling  across the Wcdclcll  Sea, and in a

number of other instrumented locations. The result in 1992 is a total collection of more than 55

images (c.xcecding 3.5 x 109 pixels), of regions where sca-icc cover was either measured or for

which indcpcndcnt  sources of information arc available. Two examples of seasonal backscattcr

variability are illustrated below. in the first, all IRS-1 SAR images in winter and summer states are

separated and grouped, and their backseat [cr statistics plot tcd in Fi.gurc 9. ]n the second, in I;igure

10, follow a number of ice parcels in space, to illustrate the progression in signature states [after

l>rinkwater  and l.ytlc, 1996].

.3.3.1. Summer and Winter SA R image characteristics
If wc consider purely mid-winter and mid-summer conditions, then we may make a collection of all

statistics of calibrated backscatter  images on the basis of growth or mc]t seasons. Since the Wcddell

Sca icc cover is largely composed of seasonal ice, the residual icc cover at the end of summer

typifies the various states of perennial ice: all ice surviving the summer mcJt is dcfinccl here as

multi year ice. All the grouped pixel values are combined into either summer and winter pdf’s in

}Jigurc 9 to dcscribc  the differences bctwccn the summer and winter perennial or annual icc

signatures, rcspcctive]y.  The summer pdf shows a mode around -6 dIl, with a small tail to higher

values comprising highly deformed ice and icebergs. ICC concentrations typically cxcecdcd 95% in

the perennial ice pack and the contribution from wind-roughened open water is negligible

[Jlrinkwatcr and l.ytle, 1996]. At t}~c lower end of the summer pdf is a longer tail extending to -1 S

dll and beyond. This includes lCVC1,  undeformed ~nultiycar  ice., and snow-covered first-year icc

thick cnougb  to survive the. summer melt.

in winter, the pdf bccomcs  hi-modal with the appearance of seasonal ice. As time progresses,

aclvcction  of an increasing fraction of multiyear ice northwards out of the basin reduces the

probability of mu]tiycar ice and producing the imbalanccd  bimodal  mid-winter distribution shown

in l;igurc  9. While a secondary peak remains, with a mode at around -7 dB, the main peak now

occurs at around -12.5 dB and comprises more prevalent forms of level, first-year ice. The low end

of the pdf, at values of -15 dB and below indicate the least deformed first-year ice. A winter tail

cxtcndins down to the noise-floor of the SAR (- -25 dB) includes small proportions of new and
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young ice forms, and recent results from Jcffrics and Morris  (This ls.we) in the Bel]ingshausen  Sea

inclicatc  that typical undeformed new ice appears with a mean backscattcr Va]llc  of -23 ~ 0.5 d~ in

small areas of coastal polynyas  ancl flaw leads.

3..3.2. The Suulmer - AutuInu Transition
Studies focusing specifically on multiyear ice in summer and winter SAR images show that its

backscattcr  coefficient changes seasonally, and the mode of the mu]tiyear  ice pdf in Figure 9 is

observed to shift slightly from around -6 dB to -7 dB bet wecn warm and cold seasons (i.e. 25%

change in image scattering intensit y). Surface n~casurcments made at ISW [1.ytlc and Acklcy,  1996]

illustrate that perennial ice retains a deep snowcovcr on its surfiace.  A large proportion of the ISW

camp floe ant] surrounc]ing ice floes cxpcricnced  summer flooding at the. base of the snow.

I:igurc 10 illustrates the temporal change of the SAL? backscattcr  signature of tracked perennial im

floes in the. vicinity of ISW as they cooled during the stll~~ll~cr-atltul~~n  transition pcriocl. As the. cold

wave (i .c. 0° C isotherm) propagates downwards through the snow, areas of flooded or saturated

basal snow (slush) cools and rcfrcczes. In response to this process, C-band microwave backscattcr

va]ucs s})own in Figure 10 decrease. [after ]Minkwatcr  and I,ydc, In R&s], ‘l’he pcriocl of cooling

air tcmpcraturcs at ISW (Figure 10a) is shown in parallel to thermistor profiles at a variety of sites

wit h di ffcri ng snow depth (Figure 10b). Thcrmi st ors indicate that protmcted  cold air tcmperat  ures

after day 63 enable  the snow layer to develop a strong thermal graclicnt.  l’his cools  the basal snow

sufficicnt]y  quickly that the slush frccms around day 67.

1,argc numbers of individual multiyear ice floes were tracked in RRS- 1 SAR images to derive the.

microwave backscattcr trend shown in the, upper trace of Figure 10c. For comparison global SAR-

imagc  backscatter  means and EScat o“ values, measured over the identical 100 x 100ktn SAR-

imagcd  areas, each rcporl essentially the same clccrcasing  trend. The largest clecrcase in CJO is

observed before and after the freeze-up of the slush. l’bus, the change from rough surface

scattering from snow-covered slush to rough surface scattering flom dry snow-covered perennial

icc appears responsible for the observed shifl in the. mu]tiyear  icc peak in Figure 9. lndccd, the

mean values of
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3..3.3. Meltponding
Additional effects of transformation at the surface of perennial ice floes occur as a consequence of

summer melt processes and periodic winter excursions in air temperature due to storm systems

[Massom et al., III Press]. l.argc excursions in air temperature have been observe.d to have

considerable impact upon the microwave backscatlcring  characteristics of sca ice, in response to the

changing surface snow and ice characteristics [Drinkwatcr et al., 199Sa]. Mehponds  have

commonly been observed near to the ice margin during shipbornc  experiments [Ilaas Cl al., 1992].

Though the appearance of classical mcllponds  in the Weddell  Sea appears to be chcckccl  by the

latitudinal limit of southward penetration of the 7x30 clcgrcc isotherm, recent studies have recorded

observations of surface meltponding  of perennial ice floes further’ to the south in the Wcddcll  Sea

[1.ow, 1995], The appearance and expression of mcltponding  in SAR images is discussed in

further detail in this issue by Low and Wadhams.

4. Wcddcll Sea Icc Dynamics

Studies by Vichoff and l.i (1995), Vihma c1 al. (1996) and Kot[meicr and Sellmann (1996) have

pieced 1.agrangian  buoy drift statistics together to reconstruct the seasonal and regional patterns  of

icc drift in the Western Wccldell  Sea in response to winds and currents. Recent work by Drinkwater

and Kottmcicr, (1994) introduced ice.-molion  tracking from mesoscalc SAR data as an alternative

method for deriving kinematic measurements of the Weddcll  ice cover, In contrast to the Arctic iec

motion sludics  using H-N SAR [Kwok cl al., 1990], the capability to track Antarctic ice using

automated SAR motion tracking of had not been demonstrated, The reason was because in the

Arctic, large fractions of multiycar ice provide. high contrast targets which can be successfully

tracked in time using radar images. Wedclcll  Sea iee in comparison exhibits large expanses of low

contrast, lCVCI  first-year ice, and a lack of distinc[ features with which computer algorithms may

SllCCCSSfLll]y track the ice.

& ‘J’rackhw  ICC Statbn Weddell

As previously dcscribcd  in section 2, a series of SAR image acquisitions were planned in

conjunction with the 1992 drift of 1 S W. Figure 11 [afbx Drinkwater,  )H Prep.] indicates a result

from tracking snow-covcrcd  perennial ice floes (in the vicinity of ISW - marked by +), during the

car] y drift phase of the. experiment (Iiebruary - March 1992). Two overlapping images acquired

along 1-day spaced crossing orbits (during the so-called “Ice Phase” orbit of ERS- 1 ) were

correlated to produce the displacement vectors using the algorithm described by K wok el al.
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(1990). l’igure 11 shows the 5 km gricldcd  ice drift displacement field superimposed on the 13RS-1

SAR rcfercncc image (orbit 3058 frame 5103), acquired at 11:34 GMT on 15 I(cbruary,  1992 at

71.59° S 53.04° W. Spots indicate the griddccl  starting positions of tracked features, and the scaled

vector arrows indicate the distance traveled in the 17h pcriocl separating the two images. Vectors

imply strong cyclonic  motion, and mean and standard deviations of the u and v velocity

components are -10.432:2.5 and 5.95t2.7  cm s-l, respectively. Partial derivatives of velocity over

the cnlirc tracked portion of the scene indicate a mean divcrgcncc  of O. 15+ 0.63 % cl-l; a mean

vor(ici[y of -0.45i  0.70 % d-]; and mean shear of 2.01+1 .02 % d-].

4.1.1. GPS Validation of Ice Velocity

The period of consecutive IRS-1  SAR imaging  of the ISW camp floe lasted between day 38 (7

IJcb) through clay 75 (15 Mar), in 1992.  initial results, such as l~igurc 11, demonstrate that

algorithms dcvclopcd  for the winter Arctic can bc used without serious problems in both cases of

ISW summer perennial ice or relativcl y featureless smooth Wcddcll  Sea winter first-year ice. in

order to establish the success ancl accuracy of the tracking algorithms, positions from a fixed GPS

rcccivcr at the ISW camp arc compared with SAR ice-tracked drift vectors. GPS positional fixes

were not Ioggcd until after day 57, preventing accurate intcrpo]ation  of latitude and longitude.

positions of the camp earlier than this date. The period of highest frequency GPS mcasurcmcnts

ovcdaps wi[h 6 consccut  ivc SAR ice velocity image “pairs” (i .c. 12 consecutive images), allowing

comparisons to bc made bet wecn day 57 and 75. Figure 12 shows the correlation bet wccn mean

velocity components derived from SAR (such as that in Figure 11 ) and those derived from

instantaneous GPS ISW locations (interpolated to the exact SAR imaging times). SAR u and v

velocity components are rotated into the local coordinate systcm to matc}l calculated CJPS velocities.

III terms of different mean icc drift speeds Figure 13 indicates a sample ranging from 2- 10 cm s-1.

IJigurc 12a shows the west-cast (i.e. x or u component) and 12b south-north (i.e. y or v)

components of velocity, while 12C indicates the magnitude of the velocity. Ice drif( is largely

westward and northward during this period. ~’bough a small sample, the plot shows a high dcgrcc

of accuracy in deriving both the direction and magnitude of ice drift. Although spatial mean SAR

velocities arc used in the regression analysis, as opposed to values of the SAR-derived velocity

interpolated to the ISW floe location, the resull in 12C indicates a correlation of 0.98 (illustrated by

the dottccl regression line). Therms error in SAR motion tracking is computed to be less than 0.5

cm s-l for 3-day motion tracking. This translates into an error of -1 OOm, or equivalently -I pixel
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after accounting for error variance generated by temporal intcrpolat  ion of GPS locations and

spatially averaged mean SAR velocity vectors,

‘1’hc largest oullying  vector in Figure  13 is identified throughout by a curly arrow, indicating that

the motion field displays a large amount of rotation or vorlicit  y. As l~igurc 11 graphically shows,

the mean velocity components of such a field arc not sufficiently representative of any single point

in space for a good comparison to be made. On the other hand, it is felt that spatial interpolation of

velocity field is unrepresentative of true inter-patlicle floe motions, and so a further comparison

was not made to try to improve this rcsu]t.

4.1.2. Ice  Kinematics Timeserics

Rcsu]ts of processing all 3-day or 1-day repeat overlapping “pairs” into ice kinematics information

arc shown as a velocity timeseries in Figure 13 together with surface wind speed and the GPS

monitomcl drift of the ISW camp floe. III Figure 13(a) ISW measurements of the wind speed arc

shown as a dotted  line. Prior to completion of the meteorological mast on day 57 once or twice

daily windspcccls  were recorded. The overlapping solid line indicates the. ECMWF daily mean

analysis field surface wind speed prior to day 57, whereaftcr  the solid line is a 3-day running mean

of the hourly means recorded by the lSW met station anemometer.

l:igurc  12 (b) and (c) show the mean SAR instantaneous vcloeit y components joined by a dotted

trend line. J Horizontal bars indicate the period separating the tracked image pair, and the vertical bar

indicates onc standard deviation ( 1s) about the mean velocity vector (spatial] y averaged over a 100 x

100 km sccnc). An overlapping solid line indicates the 3-day ,smoothccl  velocity of ISW ancl begins

upon installation of a fully functional (3PS at ISW (on day 57). Hollow  diamond symbols rcprcscnt

the velocity computed from distances traveled between instantaneous (3PS locational “fixes”,

bctwccn SAR imaging times. Where diamonds overlap mean SAR vcloeity measurements, the

spatially averaged SAR velocity is representative of a single GF’S veloeity vector. in a spatial

context, where the mesoscalc  velocity field dots not represent translational motion, the ISW GPS

velocity diamond does not overlap the mean SAR velocity. Thus, in the case of day 70 the

discrepancy shown in Figure 13(b) and (c) is explained by strong anticyc]onic  or cyclonic  motion,

and is similar to the example in Figure 11. A mean velocity of a spatial field of cyclonic  or

anticyclonic  flow is unrepresentative of any single vector within that field, and such means cannot

bc directly compared to the GPS ISW velocity. Ncverihc]css,  smoothed 3-day velocity components

respond to sustained bursts of wind shown in the solid line in Figure  13(a). Additionally, though
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not in pure “free-drift”, the SAR-repollcd  drif( velocity components (dotted line in (b) and (c))

clearly respond to the 3-day filtered wind forcing. 3’}E largest discrepancy between SAR velocity

and 3-day smoothed ISW velocity occurs as a result of the wind burst from day 63 to 67, when

lSW is pushed to t}~c  west at -15 ems-l. In the corresponding SAR image record the closest pair of

image acquisitions was 6-days, and thus the minimum in u velocity is missed. A higher temporal

resolution in SAR imaging is required to capture such deviations in ice motion.

Generally, examples such as Figure 13 indicate that the sea-ice drif[ field for the most part responds

swift] y to the synoptic pressure-field driven ge.ostophic  winds. ‘l’he temporal frequency of

fluctuations in the field of icc velocity vectors closely match those in wind velocity. Temporal

spacing of less than 3-d sampling is concluded ncccssary if the small-scale response to synoptic

storms is to be studied in more detail in an open basin such as the Wcddcll  Sea. in addition, 1 -day

repeat orbits, plotted at day 46, 52, and 71 curiously capture more variance in ice vclocit  y.

Preliminary spectral studies using buoy data confirm this phenomena to be attributable to the

aliasing  of velocity components induced by tidal motions [Drinkwater,  ]n l’rep]. lmportantl  y,

thcrcforc, exact 3-day repeat orbits do not alias diurna] or semi-diurnal (which are close to 12 hr.

period) tidal motions, whereas non-multiples of 12 hours contain significant tidal variance in this

location. lJltin~atcly, a trade-off is ultimately necessary between resolution in temporal sampling

and the sampling interval over which ice floes arc tracked. ‘l’he best solution appears to be 3-day

SAR ice-motion tracking at regular one day intervals, but issues such as the SAR data volumes (for

required coverage of the entire Wcddc]l Sea) become paramount, Radarsat  ScanSAR  image

covcragc  may be the on] y future high-resolution SAR solution.

4L2. ]Umological  Respons
‘1’hc ultimate scientific goal of employing automatically-generated SAR ice kinematics products is to

develop a spatial and temporal picture of Wcddcll  Sea ice drift and opening and closing of the ice in

response to various components of the momentum balance. I;ig. 14 illustrates a product derived

from the SAR ice velocity field in Fig. 11. The ice deformation is defined in terms of the ratio of

strain-rate invariants, themselves calculated from velocity derivatives from the 5 km grid, The angle

of change, 6 = tan ‘] I\l/& expresses the style of deformation, where a positive ~ represents

divcrgcncc  (ncgat  ivc = convergence) and F\, the rate of shearing. The result is a graphical

illustration of whether the motion is accompanied by either prcdominantl  y divergence (i .c. ~ - O),

shear (0 - 900), or convergence (0 - 1800).  We note for the field of cyclonic  motion recorded in

Fig. 11, that a large proportion of the deformation represents shear-style motion (indicated by dark

blue and pink). A single purple 5 km grid cell located to the north-west of the ice camp (marked by
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+) illustrates a situation tending towards pure convergence. It clearly begins as an area of small ice

floes, with a large fraction of open water. Such sea-ice. deformation data can bc used in validating

icc rhco]ogics  present] y employed in coup]cci ice-ocean-atmosphere models [ Stern et al., 1995].

More accurately parametrized coupled regional ocean-ice-atmosphere models together with SAR

data will be used to evaluate the relationship betwec.n the changing basin-wide distribution of sea

icc and the momentum flux [Drinkwatcr d al., 1995b].  Accurate monitoring of Wcddcll  Sea ice

formation, drift, deformation and divergence arc also of primary importance to estimating surface

fluxes of heat, freshwater and salt [Ilrinkwater cl (J1,,  1995c].

4.3. &YK@iC  SCalc ~~o~ion  Tracking
Updated tracking schemes are presently being tested with EScat images to derive a large-scale

motion fields at a reduced resolution. Figure  15 shows a preliminary example of an Antarctic icc

motion climatology where 3-day mean icc motion vectors are overlaid onto an ERS- 1 scattcrometcr

A image (i.e. 40° incidence angle) ccntcrcd  on day 255, 1992. Arrows indicate an unfiltered,

weighted average of all motion vectors, derived from over 100 ice motion products generated from

pairs of 1992 I?Scat  images at 3-ctay  intervals. 1.ocations where seasonal ice does not appear year-

rounct (i .c. lCSS  tracked vectors), have lCSS  reliable statistics and arc noisier.

‘J’bough further work is rccluircd  to validate these products, details of the Wcddc]l  sea-ice

circulation arc clearly highlighted in Figure 15 on a 100 km grid. The details of the northward drif[

in the Western Wcddcll  Sea arc rccognizcd,  as is the north-westward motion away from the coastal

regions in the eastern Weddell  Sea. Changes in patterns observed in the backscattcr  images in

section 3.1 arc more easily explained once dynamic information such as this become available.

lilt urc comparisons will be made between individual IiScat ice motion products and buoy drif[

trajcctorics,  and other climatologics  constructed from historical buoy drift datasets [Kottmeicr and

Sc.llmann,  1996].

5. . Conclusions

Sca-icc conditions in the southwestern Weddell Sea arc analysed  using available satellite- and ship-

bornc microwave radar remote sensing techniques. In particular, the temporal and spatial variability

in seasonal and perennial ice are identified in IRS SAR and Scattcronwtcr data, Variability is

dcscribc.d in terms of both the microwave radar response to changing surface conditions and sea-

icc clynamics.  It is shown that large-scale icc patterns observed using C-band satellite radar
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progrcssivc]y  change as a function of the ice-.growih season and the residual amount of perennial

ice in the Wcddcll  Sea. Resolution-dcpcndcnt  microwave signatures of individual components of

the ice cover are identified which may be used as markers in the microwave data record.

}luthcrmorc,  the complementary nature of the high resolution SAR and Scat(eromcter data is

exploited to highlight these characteristics in the context of both snapshot and timeseries records.

Combinations of microwave data sources, together with ground based data, indicate the

southwestern Wcddell  Sea comprises a number of distinct sea-ice regimes. A number of large

iccbcrgs  which have been grounded off Bcrkncr  island in much the same location over the early

par{ of this decade have markedly altered the dynamics and character of the sca ice, especial] y in the

south-western part of the basin. Being starved of deformed ice, this region is different from the

remaining winter ice conditions. To-date, during, the 1990’s it appears to have been composed

primarily of first-year ice. Temporary pol yn yas forced by katabatic winds off the Ronne ICC Shelf

in this location, might be considered as main ice formation source for the south-western continental

shelf region. The spatial separation of this and other regimes is correlated with the continental

slope, indicating that the barotropic  pall of the Wcddcll Gyre ocean circulation, together with the

synoptic pressure pattern, arc dominant factors responsible for the forcing of the ice cover in the

rcmainclcr  of the basin. Perennial ice formed to the. east of the grounded iccbcrgs, meanders its way

northwards before being ejected cast wards out of the basin. It appears to close] y follow

climato]ogical  drifi streamlines and bottom topography, Old, deformed ice, originating in the

vicinity of the grounded icebergs, becomes scparaled from perennial ice forming on the shelf along

the Antarctic peninsula by a northwards, seasonally-propagating shear line at around 54”W. “l’he

location of this shear line is oriented approximately alo~~g  the 2000m isobath,  and defines the

margin of more slowly moving ice to the west. ERS data indicate that areas of increased

compactness and ice deformation may be found in this norlhwcstcrn  part of the Wcdde]l  Sea,

cspccial]y off the Larsen ICC Shelf. in contrast, the central part of the Gyrc, defined from the ice-

motion climatology as approximately 67°S 20”W, experiences divergent drift and formation of

largc]y undcformccl,  level first-year ice. Laser profiling from RV Polarstern during WWGS ’92

confirms central Wcddcll  Sea ice to have a much lower ridging density than encountered on both

the westernmost or easternmost flanks of the basin [Dicrking, 199S].

l>cspite  some problems experience in tracking the more dynamic ice margins during periods of

maximum ice extent, ice-motion tracking using EScat images appears to be a promising addition to

SAR and AVJ IRR ice-floe tracking. Large-scale ice tracking methods promise to fill in missing
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information about basin-wide drif( conditions, especially during periods wifhout buoy drift

campaigns, or between SAR itnaging  or cloud-free AVHRR overpasses. More detailed analysis of

icc dynamics data must now be made in cor~junction wi(h timcscrics of ERS images to prove

various hypothctheses  about the connection between deformed ice, high backscattcr  regions and

convergent flow, or vice-versa  bet wccn level ice, low backscatter and divergent flow. Present 1 y,

motion data are being compared in a quantitative fmhion  with results of theoretical sea icc models

of t}lc Wcddcll  Sea [e.g. Drinkwatcr  c1 al., 1995b] to improve our understanding of the ice

dynamics contributing to observed patterns. Now ice-tracking techniclucs  have been succcssfull  y

tested and applied cm both SAR and Scat(ero~tleter  images from the Weddell  Sea, a detailed

historical ice-motion database can be built up. l’hc response of the sea ice to synoptic-scale

variations in the momentum balance can be more cffcctive]y  studied using these data, Similarly,

information provided on the rhcological  and dynamical response of the ice cover will benefit the

latest generation of Wcddc.11  Sea ice models.

lJI this paper, examples indicate that microwave radar images ob(aincd by satellites such as ERS

and RA1 IAIWAT will revolutionize our understanding of sea-ice processes in Antarctica. Though

limitations still exist on the reception of SAR data, enhanced-resolution scattcromcter images have

been shown to provide an essential complement. The advantage of Scatlcromcter  images, in

contrast to SAR or 25km resolution passive microwave images is that they trace ant] highlight

large-scale ice c}laracteristics,  directly resulting from dynamical processes. The recent successful

launcl] of the ADl~OS satellite, together with the Ku-band NASA Scat[cromcter (NSCAT)

instrument, will ensure future uninterrupted production of full po]ar images at an even highc.1

resolution. Various improvements can bc made over the present EScat image processing, due to the

additional Doppler information provided in the NSCA7’ datastream. Backscatter  cell location is

more prcciscly  known, and consequently NSCAT enhanced resolution images will likely double

that presently achieved using ERS scatterometer data.  Iiurthermore,  the NSCAT instrument traces

swa(hs on both sides of the spacecraft, effectively cloub]ing  the amount of coverage achievecl  on a

daily basis. This implies that a hig}ler temporal resolution may be. derived from NSCA”l’ for usc in

icc motion tracking. Future plans include implementing ice motion tracking over the entire north

and south polar regions when NSCAT becomes operational.
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8. Figures

Iiigurc  1. Weckly~~lcall  SIRI’Ait~lage  il~tl~c  I~RS-l Scattcrol~leter  I~)odc, for(a) l~cbruary26
(i.e. days 54-61 ),1992 ;and(b)31 July(i.c .days2.10  -216), 1992. ERS-1 Scattcro~l~ctcr  {lata@
liSA.

l;igurc 2. Wcddell  Sea time-series of weekly IiScat A images, illustrating evolving backseat ter
characteristics of the sea-ice cover from minimum to maximum ice extent  in 1992. Day of Year
periods illustrated are; (a) 32-38; (b) 53-59; (c) 74-80; (d) 104- 110; (e) 125-1 31; (f) 146-1 52; (g)
167-1 73; (})) 188-194. Coastlines and ice shelves are indicated by a thin white line while the Joint-
ICC Center  sea-ice margin is identified by a thick line. HRS- 1 Scat[cromcter  data@ ISA.

Figure 3. Map indicating M-M- 1 SAR image frames used in regional backscattcr  analysis (see
Table 1).

Iijgurc  4. SAR backscattcr  pdf’s for each individual scenes (in six colors), and for the entire
grouped winter SAR datasct  (see Figure  3. and Table 1 for SAR scenes) in black.

IJigure S. I;RS- 1 SAR image from orbit 5249, frame 4941, taken on 17 July, 1992 [OINA,
1992] and located in Figure  3. Boxes highlight regions  from which component backscattcr
distributions arc plottccl  in section 4.2.2. The insel marks the location of the itnage with respect to
the track location of the research icebreaker I’olarstern.

Iiigurc  6. (a) Photograph pancake ice field on 13 June, 1992; (b) sea-ice sample at this location
at site N04 1501; and (c) shipbornc  scat(cromcter scan at this site location, together with contrasting
scan from 14 June ancl EScat A measurement in the same.  location.

l~igurc  7. Mean WWGS ’92 shipborne  scatleromcter ice signatures, from (a) white ice, (b)
smooth first-year ice; (c) rough first-year ice; and (cl) multiycar ice. Curves arc fitted exponentially
and error bars indicate the standard error of the data. Vertical lines delineate the incidence angle
range of ERS SAR (20 S 0< 26°) and overlapping shaded pdf’s show the probability distribution
from SAR pixel samples in the locations of shij)borne scatterometcr measurements. A range of
observed SAR values is shown for all sampled images for each ice type.

}:i.gurc  8. Summary plot of C-band Wcddcll  Sea ice and oecan signatures, indicating the
ranges and/or standard deviation of SAR, and shipborne  or EScat backscatter  measurements of
each broad icc category.

Figure 9. Seasonal SAR backscatter  probability distribution functions. Bimodal  peaks in
wjnter  distribution comprise first-year or seasonal (J~Y), and mu]tiyear (MY) or perennial ice.

liigure 10. ‘1’imeserics  of (a) surface air temperatures from the Finnish Salargos  buoy; (b)
snow-ternpcrat  m-c gradients at thermistor sites on snow-covered perennial ice floes; (c) ■ or 6~Y Of
multi year floes (vertical bars indicating range of values), x or (i.e. global SAR image means), and
. G~Cd,, or 40° incidence normalized backscatler  coefficient; (d) + - E&at  backscatter  gradient M
(Iincar regressed) at 40° incidence.
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l’lgurc  11. 3-day ice motion vectors superimposed onto an ERS- 1 SAR image  for 15 March
1992 [Image C3ESA, 1992]. A scale indicates the distance (in km) of the vector displacements and
the mean u andv components of icc velocity and ~ivcn at upper left,

liigurc 12. Comparison of SAR-tracked 3-day velocities with equivalent 3-day velocities
computed from instantaneous GPS locations of Ice Station Weddcll.

liigurc 13, ‘1’imeserics  of MN-1 SAR-tracked ISW ice motion results. (a) shows measured
surface windspced  (dotted) and 3-d smoothccl  wind spccd; (b) shows SAR (dotted) and GPS -
clcrivcd  (solid) u component of vclocit y (i.e. wesl is positive); (c) v components of velocity (north
positive) from SAR (clotted) and GPS (solid - 3-cI running mean).

};igurc 14. Color-coded display of deformation ang]e O (i.e. tan-’ (l+l/E,)).

l~igurc  15. Preliminary EScat icc motion climatology, constructed from an unweightcd  average
of ice motion grids generated at 3-d intervals throughout 1992.
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9. Tables

Tab]c 1. l.kt of FIRS- 1 SAR image frames used in regional backscatter  data analysis.

image (orbit/franm) Date and Time (IJTC) Center Latitude Center Longitude
50905121 6 Ju]y 92:09:01:35.786 -72.263 343.424
52494941 17 July 92:11:34:19.254 -64.706 318.550
53775031 26 July 92:10:12:16.392 -68.614 333.541
53875949 27 July 92:03:11:05.712 -60.406 310.928
53875967 27 July 92:03:11:20.807 -59.581 310.165
54495139 31 Julv 92: 10:56:54.090 -77 Q34 312.629

Table  2. Summary of backscatter  samples from ERS- 1 SAR image 5249/4941 in Figure  5.

kc Type Sample # Mean/Mcclian (d]]) Std. Deviation (dlJ)
Smooth l;irst-Year FYS 1 -1 6.09/-1 6,10 io.99

l~Ys 2 -15.46/-15.50 -1-] .05
Rough  First-Year FYR 1 -10.14/-10.30 ~jm83

l“YR 2 -9.54 /-9.5 ~1.69
Multiyear  ICC MY 1 -5.72/-5.50 *1.88

MY 2 -6.81/-6.50 *2.27
MY 3 -5.97./-5 ‘W -1? 03

“1’able 3. Summary of winter C-band IiScat backscattcr
categories of sea ice in the Weddell Sea.

ranges (0 40° incidence) of main

ICC Type Backscattcr  Range
lcebcrgs -6.() ~ & ~ O.O
Multi year/Pancakes -11.0 S o“ < -6,0
RouKh First-vear -14.0 s 0“ <-11.0
Smo&l] First-year -20.0  s c+’ < - 1 4 , 0
Nilas -32.0 < 0“ <-20.0
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